Introduction {#Sec1}
============

Pedicle screw instrumentation is considered standard for treatment of spinal degenerative diseases, fractures, tumors, and deformities \[[@CR1]--[@CR3]\]. Although pedicle screw instrumentation is strong, malposition of a screw, resulting in a lateral wall breach and shorter screw insertion length in the pedicle, occurs frequently, especially with the freehand technique \[[@CR4], [@CR5]\]. The rate of pedicle screw malposition ranges from 5 to 41% \[[@CR6], [@CR7]\]. When pedicle screw malposition occurs during surgery, the screw is removed and reinserted along a correct entry point and trajectory. What is more, if a shorter pedicle screw is used because of insufficient preoperative preparation, the surgeon may remove the pedicle screw and reinsert a longer pedicle screw.

Many studies reported that the biomechanical strength of a redirected pedicle screw is less than that of a correctly placed screw \[[@CR5], [@CR8]--[@CR11]\]. Brasiliense et al. \[[@CR8]\] compared the pullout strength of 3 cortical perforation pedicle screws with that of standard screws. They found that lateral wall breach screws had 21% less mean pullout strength than well-placed pedicle screws. The pullout force of airball pedicle screws was 33% less than that of standard screws. Goda et al. \[[@CR10]\] reported that after a lateral wall breach, the pullout strength of a redirected pedicle screw was 24% less than that of a standard screw. The average pullout strength of a screw that perforated the end-plate but was not removed was not significantly different from that of a standard screw. However, no study has reported the biomechanical strength of pedicle screws inserted to various depths, followed by removal and reinsertion using the previous entry point and trajectory.

Wilke et al. \[[@CR12]\] measured bone mineral density (BMD; 1.66 ± 0.12 g/cm^3^), range of motion (2.8--5.0° in flexion and extension, 1.4° in axial rotation, 3.9--6.6° in lateral rotation), neutral zone (14--30%), and stiffness (0.07--0.38) in 12 calf spines and found that they were similar to those of human spines. They suggested that calf spines could be used to assess spinal implants as an alternative to use of human cadavers.

The purpose of this research was to compare the biomechanics of reinserted pedicle screw using the previous entry point and trajectory with that of correctly inserted pedicle screws using calf lumbar vertebrae.

Materials and methods {#Sec2}
=====================

This study used 18 lumbar vertebrae (L1-6) from 3 fresh calf spines (age about 6--9 months). Due to similar BMD, un-mature calf models were used. Muscles, ligaments, and intervertebral discs were removed, preserving only normal osseous structures. The vertebrae were stored at − 20 °C until the day before testing and thawed at room temperature. The vertebrae were radiographed in the anterior-posterior and lateral planes to exclude fracture, tumor, and congenital disease. And the length and diameter of pedicles were measured by a ruler.

Before testing, the specimens were divided randomly into 3 groups according to the lumbar sequence. A control screw was inserted correctly along the axis of one pedicle, while an experimental screw was reinserted in the other pedicle, using the previous entry point and trajectory. Each screw was inserted using the same depth and angle. If a control screw was inserted in the right pedicle, a control screw would be inserted in the left pedicle of the next vertebra, so that the screws intersected (Fig. [1](#Fig1){ref-type="fig"}). The control pedicle screw was labeled with a clip.Fig. 1The red point is the side of experimental screw, and the blue point is the side of control screw

Each pedicle screw was inserted using the freehand technique under direct visualization \[[@CR2]\]. The entry point is similar to that of the human lumbar spine and is located at the intersection between the lateral margin of the superior articular process and the midline of the transverse process. After entry point and angle preparation, a 5.5-mm tap was inserted to enlarge the trajectory. Monoaxial pedicle screws (6.5 × 40-mm, SINO 6.0 Spine Fixation System, WEGO, Shandong, China) were then inserted. X-ray was used during the procedure to ensure proper trajectory and consistent depth. If the lateral wall or end-plate was breached, the vertebra was excluded.

In group A, the experimental screw was removed after being completely inserted in one pedicle and then reinserted completely using the previous entry point and trajectory after inspecting the trajectory. In group B, the experimental screw was removed after 80% of the total trajectory was reached and was then reinserted completely. In group C, the experimental screw was removed after 60% of the total trajectory was reached and was then reinserted completely (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Radiographs identifying the depth of insertion. **a** Experimental screw was removed after being completely inserted in one pedicle and was then reinserted completely. **b** Experimental screw was removed after 80% of the total trajectory was reached and then reinserted completely. **c** Experimental screw was removed after 60% of the total trajectory was reached and then reinserted completely

For each pedicle screw, we assessed biomechanical properties using a material testing machine (ELF-3510AT, Bose Inc., MN, USA), with the screw pulled out along its long axis (Fig. [3](#Fig3){ref-type="fig"}) and determined the force-displacement curve \[[@CR7], [@CR11]\]. The pullout strength was defined as the maximum load and the stiffness was the initial slope of the force-displacement curve (Fig. [4](#Fig4){ref-type="fig"}).Fig. 3Photograph of pedicle screw pullout testingFig. 4Force-displacement curve

All analyses were performed using SPSS 19.0 software (SPSS Inc., Chicago, IL, USA). Differences in biomechanical properties were analyzed using the paired Wilcoxon rank sum test. Significance was set for a *P* value \< 0.05.

Results {#Sec3}
=======

As shown in Table [1](#Tab1){ref-type="table"}, the pullout strength was not significantly greater with use of corrected screws than with reinserted screws in the 3 groups. In group A, the mean axial pullout strength of reinserted screws was 3.7% less than that of control screws. In group B, the pullout strength of reinserted screws was 2.5% less than that of control screws. But in group C, the reinserted screws were superior in average pullout strength. Stiffness was also an important outcome. In the 3 groups, the stiffness value of reinserted screws was greater than that of control screws. There was a significant difference in group A and C but no significant difference in group B (Table [2](#Tab2){ref-type="table"}). When the terminal end of the pedicle screw was removed through the edge of the vertebral body, a fracture developed between the vertebral body and pedicle in all samples (Fig. [5](#Fig5){ref-type="fig"}), and the load decreased more rapidly. There was no significant difference in the load associated with fracture (Table [3](#Tab3){ref-type="table"}).Table 1Mean pullout strengthGroupControl (N)Reinserted (N)*P* valueA593.47 ± 108.24571.61 ± 106.660.463B487.99 ± 130.81476.06 ± 186.280.753C502.72 ± 111.50515.91 ± 161.500.753Table 2Mean stiffnessGroupControl (N/mm)Reinserted (N/mm)*P* ValueA166.36 ± 17.19216.61 ± 65.600.046B280.18 ± 49.58287.45 ± 47.180.753C319.11 ± 60.54384.13 ± 86.030.028Fig. 5Photograph of fracture between vertebral body and pedicleTable 3Mean load of fractureGroupControl (N)Reinserted (N)*P* valueA421.65 ± 116.39409.22 ± 88.150.753B370.34 ± 99.19347.08 ± 129.810.753C411.77 ± 109.41367.97 ± 99.820.116

Discussion {#Sec4}
==========

Pedicle screw instrumentation is often used to treat spinal disease. Most surgeons insert pedicle screws using the freehand technique. Malposition of pedicle screws is a major complication during screw insertion. The reported rate of pedicle screw malposition is 5--41% \[[@CR2], [@CR6], [@CR7]\].

After a pedicle screw breaches the lateral wall, the nerve can be damaged by bone chips. To avoid this situation, some surgeons remove the pedicle screw after passing through the posterior vertebral body. If the pedicle lateral wall is in good condition, the screw can be reinserted using the previous entry point and trajectory. Moreover, if a shorter pedicle screw is used because of insufficient preoperative preparation, the surgeon may remove the pedicle screw and reinsert a longer pedicle screw. Many studies have examined the biomechanics of pedicle screws \[[@CR8]--[@CR10], [@CR13], [@CR14]\]. However, the studies did not evaluate the pullout strength of screws that were partly inserted, backed out, and then reinserted using the same entry point and trajectory. Our study measured the pullout strength of reinserted screws using the same entry point and trajectory following removal after insertion to various depths.

BMD shows a high correlation with pedicle screw axial pullout force \[[@CR15], [@CR16]\]. In osteoporotic patients, the pullout strength is less than in normal persons and the pedicle screw often loosens \[[@CR14], [@CR17]\]. BMD has been examined in cadaveric studies using human spines. However, we compared the pullout strength of pedicle screws on two sides. Theoretically, the effect of bone mass was excluded. Therefore, we did not measure BMD.

The results indicated that there was no significant difference in pedicle screw axial pullout strength between reinserted and correctly inserted screws in the 3 groups. Second, stiffness increased in the reinserted screw compared with that in the control screw. Third, fracture occurred between the vertebral body and pedicle.

The purpose of pedicle screw instrumentation is to increase the stability of the spine. Pullout strength is one of the main indexes used to evaluate stability. In the present study, the pullout strength of reinserted pedicle screws was less than that of control screws in group A and B. However, reinserted screws were stronger than control screws in group C. No group showed statistically significant differences. The question is whether a pedicle screw should be removed after insertion to inspect the trajectory or to replace it with a longer screw. The pullout strength of reinserted screws was only slightly less than that of correctly inserted screws. Accordingly, the pedicle screw can be removed if necessary. Maeda et al. \[[@CR18]\] found that the pullout strength of larger redirected screws after pedicle lateral wall breach was 46.9% greater than that of correctly inserted screws. Hence, if a pedicle screw must be reinserted, for example, in pedicle lateral wall breach, a screw of larger diameter is a good choice. However, the risk of pedicle wall violation will be increased using a larger diameter screw.

Pedicle screw loosening is a frequent complaint \[[@CR19]\]. Stiffness is defined as the ability of an object to resist deformation, and predicts the initial holding capacity of the pedicle screw. The greater the stiffness, the stronger the structure comprised of vertebra and screws. By comparing both sides for stiffness, the fixation strength can be predicted. In our study, when the pedicle screw was reinserted using the previous entry point and trajectory, the stiffness was greater than when correctly inserted. This was an unexpected finding. Although there was no significant difference in group B (*P* = 0.753), the results are worth noting. The reasons for these findings are unknown. It is possible that the specimen was insufficient. Further study is required. Nonetheless, we concluded that the stiffness of inserted screws did not decrease.

In every specimen, fractures developed between the vertebral body and pedicle when the terminal end of the pedicle screw was removed through the edge of the vertebral body. The vertebral body consists mainly of cancellous bone, while the major structure of the pedicle is cortical bone. Thus, fracture can easily occur at the interface. Clinically, when the pedicle screw is pulled out accidentally, the possibility of fracture should be considered, especially in the presence of osteoporosis.

A limitation of this study is that we were only able to evaluate the biomechanics of the calf spine because human spines were not available. Although Wilke et al. \[[@CR12]\] studied the calf spine for use as a substitute for the human spine, the calf spine is still different. Additionally, muscles and ligaments were removed before testing. This limitation of an in vitro study may have affected the results. Long-term follow-up is needed in patients after reinsertion of pedicle screws, to better understand the biomechanical properties.

Conclusion {#Sec5}
==========

In spite of the limitations of this study, the pullout strength was not found to be significantly greater between correctly inserted screws and reinserted screws using the previous entry point and trajectory. Theoretically, a surgeon can remove the pedicle screw if necessary, inspect the trajectory, and reinsert the screw using the previous entry point and trajectory. Despite this finding, pedicle screws should be inserted carefully and removal should be avoided as much as possible.
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